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The present report deals with tne development of a.
thermometer for recording the stagnation temperature ‘in
compressible mediums in turbqlent :flow to within 1 to 2
percent error of the .aciiabatic temperature in the stag- -

~.

nation point (~ wg/2gcpL depending upon ,the s.peel.

This was achieved by placing the junction of a ther-
mocouple near the stagnation point of an .aerodynamica].ly
beneficial body, special care being taken to assure an un-
interrupted supply of fresh compressed air on the junc-
tion together with the use of metals of low thermal con-
ductivity, thus keeping heat-transfer anfi heat-dissipa-
tion losse,s to.:a minimum. ,.,,. .:

,,
The practical possibility is underscored bY the

small effect of: the -flow direction.
..

The heat balance is evolved from an analysis of the
conditions’ of “Sim”il’itu.de”and ja heat conductivity factor
introduced which enables approximate predictio~ls a-s to
the reading accuracy on a similar body. . .

..
In other experiments the ;se of the plate thermom-

eter was proved unsuitable for practical measurements by
reason of its profound influence in the ‘readiug by the
Reynolds number and by the dil?qc~ion of flo,w.

,:
,. . . ... ,.

INTRODtiCiiOi ‘“‘ ““ ‘

. . .. . ,,. ..
If we attemp’t to.m:ea,sur~ the “t~e,qpe~~atur’eof a comp-

ressible fluid”.wi.tg high flow velocity by; introilucing a
thermometer, theflow i% naturally disturbed and the..,,.. .
*llDie Messung de? Stautemperatu?= 11 ~m.ge~ie,ur-Archiv,
Vo’1. ~~~ ‘no. “1,”:~9~(),’pp.; ~_.23● ,.
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temperature will vary, depending upon the shape of the
instrument, as illustrated in figure 1.

In point 1 the flow is v.ndisturbed, the velocity W.
and the true temperature of the flowing medium TL = TVr,
or as is also termed the static temperature? prevails.
In point 2, the stagnation point, the velocity becomes
zero (w = O). On streamline :12 ensues a pressure rise
and hence a temperature rise, whence the stagnation-point
temperature T2 = T5t > Tw. If the compression is car-
ried out without 10SS? we have, according to the laws of
gases

$., w:Tst-T”w=A—
2g’cp’

(1)

1
where A = — kcal/mkg

427

and
CP

the mean specific heat at c-onstant pressure
in kcal/kg~°C

Thus the conditions are wholly similar to those in
pressure measurements where

2

Ptot - ‘stat = Pdyn SY$

so long as W. is small in relation to the velocity of
sound.

l~e therefore write:

TSt = ‘tot total temperature (stagnation temperature)

Tw = Tstat static temperature
z?

T’St - Tw = Ttot - T5tat = Tdyn = A x dynamic tem-
2gcp perature

Point 3 lies in the zone of disturbance of the body; hence
w # Wo. The temperature in point 3 is

.VI:.- W2
TV = ‘stat +A

2gcp’. .

If W <Wo, then ‘T~> “T~tat, and if w> Wo, then
9?3 < T~tat.

—-.. .- . . -.. . . .,..- .
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In point: 4, every stagnation effect has disappeared,
but there..,,is.,.a{,,ternperature increase A!.r ,beca~l..s,eof the
friction in the .bou:n.da.ryla”yer, so that

., . .
., ..,.,. ,!,.

Tq: = Tsta~ + A“Tr’,
,,.

The purpose” of the ie’~suremeit always is the determination
of the true tempera,tyr.e, T1 = Tw = T~t~t. But the instal-
lation ofa, test inst.r,ument is always” o.ccompanied by a
disturbance of the .t.e~p~rature field through stagnation
effect or friction. The first can be followed mathemati~
tally conformably .toequation (1), but not the friction
effect. For this reason, it has been ct~stomary up to now,
apart from a few earlier attempts, “to measure the stagna-
tion temperature., ,However, sL!ch measurements are inevi-
tably afflicted w$th ,errors: .The in@.trumentdoes not
register Ttot but another temperature T!a, which is al-..
ways iower than ‘tot but higher than” Tstat:

T~ta~ K Ta < Ttot”,...

The instrumental .e.rror is denoted by the quantity

AT = Ttot -Tan (2)
.,

and computed in percentage of the difference Ttot - Tstat =

A
w~—, i.e., of” the dynamic ‘temperature

2~cp
.

..,.,

‘tOt - ‘a
f = 100”

ATC. ;
= 100 ~ in percent (3)

?tot -$stat. .A$
,,

As indicating accuracy ‘[al of the instruments,. We use the
quantity ~~ s ,..., ,,,.

.,,’.,,. Ta - ..?stat -:‘~ ‘., , ,,..: ,:a.=.1100’~ -f .=“loo” “’ ““ i:,n:.pe:rce.nt ; (4),. .TtOt - !l~tat ,, .:.;’‘“ ‘. ,,,..“’-‘: ....),$. ...

Thus, ,the,’indicating accuracy gi:v”ekth&”’p&rtie,h~‘of dynamic
te.myera,tur.erise. T+yn = Ttot ‘ T&tat oif th’e instrument :

actually recorded”. The closer [,aj,approaches.100 percent
thebe.tter the insirumento “ ., ,,.. . . .,..

Attempts to measure’.the tempera-ture.ai high veloc”i-
ties go back several decades to Stod.ola (reference 1)3 who,
in measurements of the temperature dr~p”along the axis of

----
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a go zzle w ith a me rcurr, the.rw:q%.et.e.~,t-fo.uqd:*hat the theo-
retical temperature ,is qot .re.ach,e@-,,by.superheated water .
vapor. Jtthat ,fric.tion on the wallsHis explanation w@S.
.of the thermometer creates heat, the nozzle walls become
hotter through conduct i.o’qthan the steam flowing past and
so supply heat to the thermometer by radiation, tlas a
result of which the. ind.ica.ted temperature is too high,.
Since the publication gives no experimental values, it is
unfortunately impossible t.o determine the discrepancies..
from the true temperature on the mercury thermometer.

In contrast, Batho (reference 2) in his measurements
along the axis of a nozzle but with wet steam and thermo-
couples of 0.2 millimeter of ir,on and German silver wire?
achieved an almost exact reading. of the true temperature
Tstat. By an expansion of 6.6.57.atmospheres and about 96

percent specific vapor. content to 1.125 atmospheres, that
is, a velocity of 766 meters per second at the nozzle
exit, the maximum recoraed discrepancy is 2° C, which with
relation to the temperature gradient between stagnation
and true temperature corresponds to an error of only 3 per-
cent of the true flow temperature ‘stat*

Nusselt (reference 3) used air instead of steam in
his investigations. He stretched thermocouple wires in
the nozzle axis, the Junction of which was, situated in the
center of the orifice circle of the nozzle and which con-
sisted of 0.1 millimeter aild.005 millimeter copper-con-
stantan or 0.5 millimeter iron-constantan. He measured
the temperatures at the nozzle exit at different initial
pressures. Regarding these tests, he simply remarked that
~tthe temperature of a gas at supersonic velocity cannot
be measured with a thermocouple. ” When using the values
given in tables 14, 199 20, ~nd 21 of his report to com-
pute the velocity at the nozzle exit and the temperature -
difference between ‘tot and indicating temperature TA ,
a clear picture of the accuracy of the test arrangement
is obtained. Figure 2 shows AT = ~tot - T& plotted

against the velocity. The indication values for the thin-
ner (0.1 mm) copper-constantan wires, are much closer to
the true gas” temperature .because the flow is considerably
less disturbed. The error relative to (3) is about 20
percent for the thinner wires and about 15 percent of the
difference Ttot - ‘stat for the’ thicker; at maximum ve-

locities the discrepancy is even less. The. test values
of the iron-cons’tant’an wire are,~ifficult “to arrange be-
cause of scatteri,ng~ due pTobably to the nonhomo,geneity

I ——n .—m—..— .. . m I—. m— mm-mlmam- Iiillll
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of. iron ; a t ,.v:elo.c~t.iei:,p,jlo,v,.e.,4?0”~,,i$a,riper’ ,secovd “they:-
—, have a’bo:utthe ~~sam e ~degpe e o.-$a,cc,ur.a,qfi.as...the,..he a?.?en ..,;,,

co:ppe”r-Gonstantan thermocouple .,; S::imi:l.ar:experiments with
the wires stretched diagonal,Jy ,,t.o~h.e,.&~ ‘floy before’ the
nozzle orifice:, yielded the. .s:arne.r.@s.,yl.t$. ,, , .,,

,“
.’. ,,.. ‘,+. .’.s .,,<f.... ..
.The di~s imilar aspects .o,$...Stod.O,la:+nd, Nusse,lt on” the -

:“
.,’...
on~, hant!,,and of:,Eatho on the o,.t;he:r,,.proyp,$ed Miiller (re’f-
ere,.nce,,,4.).$o. ch,eck:botb @xperi.meat,,e... ,,1.n,his first. attempt
with a pit-et.wit:h dome -shape,d h,ea~..,c:oqt,ain,ing.,two .junc-.
tions:, one in the vertex...o.f.the, dom,,e,;, the: other at the
~ide,, and using. superheated ,ste,~. ap,,:!ned.”i.um+the endeavored
to,,me.a.sure Ttot and Ts”ta% i,S.imu,lt,aneo.us.ly,at,.supersonic

ve.loc:ity, At 890 meters per second .vel.!ocit:yhe aster-
tained”an Srror ‘of from 13°to..P250 C relative to the stag-
nation ‘temperature at the for~iar.dstagnation. point or, on
the basis of a heat grfi,client of only. 6.5, -of as .m.uc.has
1,2 percent discrepancy from the stagh.ation temperature.
The difference of the. Lateral. from the forward junction
amounted to .:30C “only. l~fi~~e~attributes t]~~ fai~~re of
the lateral .junctio’n to the c mpressio.n watie w.h’ichenvel -
op6s the dome of the pitot’’’tube and,he. bel’iaties that at
subsonic velocity both the static and the s:tagnatiop tem-
perature are correctly indicated, d-es.pite the’ fact that ~~
Nusselt (fig. 2) had already ascertained at a Mach number
of 0.72. about the same error as. at. supersonic ieloc-ity.
Experiments “with “thermocouple wires arr.’ang’edaxially: in
the nozzle yielded practically the same divergence from the
stagnation temperature as be fore,: although Mtiller had
remedied..’all supposed defects .of the test lay-out. (insula-
tion of wi”?es”,determination of the” entrance of ionization
of ‘steam, different wir,e t.hickaes ses,.diff.erent .f’ormof
jtincti.on). one “success that h’e.~a~ .a~ie to..a,chi”e~e, how-
ever, w’henhe c’on’ducted steam of idifferent sta.t%s through
the{ .nozzl.e‘and effe.c:ted the ,meastirement” at the exalt sec-

tion: namely, with saturated and..with ‘superheated steam
the stagnation teh.peraturs alSO ‘Mecame manifest, but with
wet ‘steam he achi.eve”d the Iooked-”f.or true temperature.
:Thi,s Ied”hih” to the f“ollowifig assumption: %’ith wet steam -
the same as- by Bat,ho’:- the fluid .is ‘~’re.cipit.atedon the
wire$ the fluid ai%s:umesthe’.cofidensa~.i”oritem’perat.ure of
the’ .Stirrduwding”&tearnj in C:on;se’que”nceof which the therrno-
coui~le indicates %he.tempe~,a.ture ‘&orres@onding to” the
steam pr’-essur’e~.t~ut , if the Steam’’:is, su’p.e:r~eate.d’so as.
td ‘appr:oach+the.’~Q.’es t’ate’.- as by Nuss.el~’.- th:e l.aw~’for
‘gaseS at ‘superso~ic vel-ociti’es ;&r.&ap$liw’-able,,‘i.’e., any
s1i~ht o%s. %rti.ctio-n!-$h.o mat.te“r”:heir sma,l Ii c.r.eat e’s’..”dis~ur”b -
antes. Shocks and stagnation effects ensue on the wire,
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as a result of which a, temperature is always measured
which corresponds to the stagnation temperature. If the $
expansion, ”reaches into ‘the wet steam zone the indication
is nevertheless .that of the stagnation temperature. lf This
phenomenon is explained by the.fact that a central nucleus
in the nozzle remains superheated as far as the end of the
nozzle, and the moisture settles on the walls. While
heretofore it had been endeavored. to ascertain the temper-
ature curve at expansion in a nozzle experimentally and
then found that the re,corded temperature corresponds ap-
proximately to the stagnation temperature~ it is now in-
tended to approach the stagnation temperature as closely
as possible or to establish the accuracy for some kind of
test arrangement. Thus Brun and Vernotte (reference 5)
attempted a direct measurement of the heat of a thermo-
couple through a gas flow by mounting the hot junction
on the outside and the cold junctions of their 0.3 milli-
meter constantan-mangane se thermocouples on the inside on
a disk which they let revolve in air. The thermal force
was collected by brushes, the neat of the inside junction
amounting to a mere fifth of the velocity being disregarded.
The heat for 80 meters per second circumferential speed
amounted to 2.7° C, which corresponds to an error of 15
percent, or the same result as obtained by Nusselt with
0.5-millimeter copper-constantan wires.

Essential is the knowledge of accurate temperatures,
for the determination of heat transfer coefficients such
as were carried
(reference 6) ,

out by Guchmann and his collaborators
by Jung (reference 7), and Meissner (refer-

ence 8) at high velocities. Guchmann recorded air temper-
atures up to 0.95 Mach number with..O.5-millimeter-thick
copper-constantan and Q. 3-millimeter-thick tin-constantan
thermocouples. The indicating error was obtained by dif-
ferent determination of the heat content of the air - once
from amount and measured stagnation temperature, another
time from the supplied electrical energy less the losses -
to 4.4 to, 15.4 percent depending upon -t-hevelocityti The
fluctuation of the accuracy is explained by the method of
error determination.. Jung developed a. special stagnatio.n-
polnt thermocouple for his experiments, consisting of O.1-
millimeter-thick iron-constantan wire; the junction was 0.5
millimeter aft of the mouth of a small, slightly conical
glass tube. He attached no ,importanc,e to any eventual
errors but failed to give their exact amount.! Meissner
lastly attempted to solve the problem. of temperature at
high, ,velociti,ieson the whirling arm, l~ke Brun and Vernotte.
He rno,untedtwo opposite tubular steel arms on the axis of

L– —
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a gasoline engine, the therm oca.upl,es of ‘0.2-millimeter-
;.thick c“op~er-cons”tantafiwires at-,tih,e ends~f t-he arms, ~~ .
one theq,m.Q.acNzp~ebeing suspepded freely in the air, the
other housed “within a.pipe of .90 millimeters inside diam-,,,...
et,e,r. Then he asc.ertai’bed the indicating :accuracy’ of
these thermoco’uyles. The er~or for the free-rotating
t.h’”ermocoupleamounted to 26 to 51 percent at 125 meters
per second, and from 32 to .44 perci$nt at 150 meters per
second.,av’eraging38 and ~35 pe,rcefit, respectively, The
corresp,o.nding values f~ti,‘the tfiermocouple in the pipe “

..ave~aged, 3.6 percent at 1.06meters” tier second and 30 per-
cent at 158L:meters per’ second.. From this ‘experiment
Meissner concluded that ‘Iias~;:ec:ified,twagn”itudeof junction
anfi.a certain disposition .of,’i$’~is”’not necessary. ‘t The
marked discrepancies with”i’n ,one test series and the com-
pletely dissimilar restilts ,from those of other research
workers are probably due to” the’ test” method, as Knoblauch
and Henclcy (reference 9) themselves claim the method of
collecting thermal force by brushes to be extremely in-
accurate.

To complete the list we, sho’iul-d’further. include several
other publications which quote ;the accurqcy of the test
equipment employed.” ,Von :der.Niill and Gary.e (“reference 10)
cite an error of from 16 to 18 yercen”t” for thermometers
with cylindrical mercury bulb. Eckert (reference 11), in
his experiments .with superheated water “vapor, finds an
error of from 20 “to 30 percent at 200 to 400.”meters per
second speed with thermocouples, while l?. E. Schmidt (ref-
erence 11) reports that a’thermocouple in. the stagnation
point of a body with’ aerodynamic~ll”y f’ati~orahleprofile
gives an error of 1,0.,percent in the dead air zone, of a
sphere and for a“’f’re’ethermocouple in tile.:airsires.m an
error of 20 percen’t and still greqter ’er,rors onthe inside
of a perforated bodY. ,: . , ,.,,.

,,..,
‘The sole th”eor’etic~l”Y&port on the” subject available

is that publ~she’&4&by “,po:lh.6u6en(reference- 12), W11O by
est,imat,ion-of the relative orders of magnitude of the
separate terms of the hydrodynamic differential equation
in the zone of a boundary layer adjacent to a fixed body
achieves a simplification of the differential equation
for the temperature of the” fl~l.id‘in proximity of a fixed
body- This enables him to compute the heat removal’
from a thin plate by a parallel flow, as well as to de-
termine the temperature of such a flow,.from the readt.ng
of a plate thermometer. The correction A(O) by which
the reading TI of a plate thermometer must be reduced
in order to obtain the true temperature of the flow Tstat
is for gases:

k. -
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where ‘tot - ‘stat is the temperature rise correspond-

ing to adiabatic expansion. Thereby P(a) 5.s chiefly

dependent upon the nondimensional U = ~ (hence

equal to the Prandtl number Pr) , where q is ,the dynam-
ic viscosity in kg sec/m2 and A the heat conductivity
in kcal/m see ‘C. This derivation. however, holds only
for laminar flow; for turbulent flow neither theoretical
nor practical studies with the plate thermometer have been
made so far.

On analyzing the available data; it becomes apparent
that the indicating accuracy for some test arrangements
has been established even though some contradictory views
still prevail, but no effort has so far been made to meae-
ure one of the two temperatures by a suitable method di-
rect, in spite of their extremely essential importance for
experimentation on heat transfer, steam turbines and spe-
cial boilers; and for the determination of the speed of
compressible mediums, where besides the two pressures, the
temperature also is very essential.

iiccurate measurement of the true temperature of the
flowing medium is likely to be almost impossible with the
present day means; at any rate any method attempting to
achieve this end by insertion of any kind of instrumental
into the flow is abortive sfinc”eit is always accompanied
by a change of some kinetic flow energy into potential
energy, i.e., heat. On the other hand, a properly de-
signed test instrument, devoid of radiation and heat trans-
fer losses, appears promising.

The problem of the present study is:

1) To develop an instrument which records the stag-
nation temperature with a maximum accuracy;

2) To ascertain whether the plate thermometer has
the same indicating accuracy in turbulent flows
as established by Pohlhausen for laminar flow
and , if so, its practical use...

— -— 1
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“hXPERIItENTI,LSET-UP .,,“ ‘“I,
~.–... --:.-..=..:_,-.. .,.—....,...,, ... . ...... _,. i’.,,

Th& ‘experim.&ts were’’made, behirid a nozzle where the
mark’ad contraction of the flow. sec,ki,onlbefore the test

““ le,n”gth‘assures the, most’ uniform veloc”$ty distribution
.: (ref’e.rehce “i~). The air. stream passes ‘fr”oma biower ;

through t~e ,nozzle.:into”an e,xi.t cone (~”ig. 3). Tlie test
length is open, making observati ori of the phenomena pos-
sible dur’ing ““t~e.t ests. ..

,, ,,
The blower is driven from an’altemating-current

shunt-wound motor. ‘The blow,e,rspe&d and’ hence the air
speed is co’’ntrolled by the motor r~m. I?luetuations in
~he li”ne produced only minor” speed. changes in the test
length and were unavoidable.,.

.
To insure uniform temperature and speed during a

test series, a, tubular cooler mounted between blower and
nozzle cham”b”er.served at the same time a$ flow straight-
ener. A system of pipes and valves in conjunction with
a ,cooling tower or a condenser assures the neeessary fresh’
water and cooling.

,.,,
Uniformity of flow.in the jet is ,secured by the con-

tracti~fiin the nozzle. The free passage diameter in the
nozzle chamber, that is, before the contraction, is 5.12
times that of the nozzle’; the chamber se”ction is to the
nozzle section as’ 26:.25 to 1. By this sectional contrac-
tion of 26.25 tol, which for. incompressible fluids means
a ‘26.25-times veiocity increase ,in the nozzl,,e,‘the kinetic
energy entering’”t.he nozzle is only the “687th part of the
stream energy in ‘the,j:e,t;thb rems;ining.,686/687”of the,
flow energy corresponding to the presstire energy in the
space before tlie,nozzle” contraction. ~ .,,.>. ..”,. ,..,, ,,.

The pre”@ict,i,& of the ac~uracy..of,temper~ture -re~”
cording instr’urne’nt.snecessitates,, aside from ‘the temperat-
ure data, tlia~ of the velocity. in &he jet. .’Jhiswas
computed from” tlie”relatiofi : .’

,:
:,,.

,: .,., .,

.,
..,’

w=’ -JR :0[+)%]”’,“~li
2 ‘g,.+
., ..,”” .’ ,. . .

‘,
.. . .

With g= 9.’91 m/p2, K = 1.’41, and gas constant R =
29.27.”mkg/kg ‘K,

(5).
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‘w,=.4.48Jc@J-T”’‘“
The veloci.tY w is therefore dependent upon the ratio of
the static pressure in jet .pl- to the. chamber pressure

P- ‘I’helatter was determined through a pressure tap (fig.
4~ and read on a U-tube in mm Hg. A pressure ring with

<, ,
aerodynamically favorable profile was mounted”in the chamber
for a check; it.showed a difference of onlY a few mm ‘g”
relative to the pressure tap, an amount which corresponds
approximately to the dynamic pressure of the inflow veloc-

.,,,

ity, which is not contained in P()*

The static pressure in the test length is. not equal
to atmospheric pressure; because of the stagnation before
the exit cone, part of the chamber ~ressure is not changed

/

to s-peed. Thus , in the calculation P1 should not be
expressed. by the barometer reading but rather by a slightly
higher pressure which first is to be, determined. Since
the temperature recording tesis with instruments permitted
no introduction of a pressure instrumerit in the jet at
the same $ime’, the static nressure”at the test station

had to be obtained by’prel~minary te’sts in respect to the
nozzle chamber pressure. The error introduced by ,a dif-
ferent shape of the temperature instrument from the pres-
sure instrument was unavoidable. In order to find, at
first, the point of lowest pressure in the jet axis be-
tween nozzle orifice and exit cone (distance 170 mm) the
pressure was recorded with a static pressure head with
four holes ,of 0.5 mm diameter at a distance of 15 d from ,.

the tip.. The lowest pressure at initial pressures PO
of 396 mm Hg and 214 mm Hg were. ascertained 140 mm ahead
of the nozzle orifice, amountiag to about 3 percent of Poe
Care had to be taken in the subsequent tests to insure
the location of the, test point always 40 mm ahead of the

t

nozzle orifice- The dependence of the’ static pressure on
the initial pressure p. (fig. 5) at tQis distance was
also mea,sured with the pressure head and checked by a
Prandtl pitot tube. The ,remarkable fact is the “hbsence
of proportionality between 250 “arid400 “millimeters mercury
column as nozzle chamber pressure, but a sudden rise and
just as sudden a drop in static pressureti This phenomenon
is associated with increased noise; i.e,, a high, siug’ing
noise accompanies it. The cause is probably due to an
oscillation about the velocity of sound at several points
of the iilstrument; at any rate the phenomenon is absent
when the flow is undisturbed. On the basis of the pres-
sure recording method described, the velocity can be ac-

..———. .- --- . -.
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curately ascertained at 0.5 m/s, i.e;, to within 1/2 to
—— — l/6yercen-t- bet,ween100.and 310 m/s.

.
The temperature was recorded ,with 0.5-mm-thick copper-

“‘..-
“=-.~.onstanta.nthermocouples and later on also with 0.5-m”m-

thi~k,,iron-constantan wire. The calibration was made by
Di”esse’lh.orstls compensation method. (reference 14), the
most accurate “’m6thod foT th,e.determination of the thermo-
electric tension, by comparison with officially” calibrated
yeroury ,theruome.ters in water or oil bath (reference 15)
before and after the. tests., ,.., ,: ,’

From equatiofi (1).which with” Cp”’= 0.241.’kcal,/kg .oO
~for air’.can also be written

,.
w: ,“.

Ttot
- Tsta,t”= ~o~()—— (7)

it is seen that’ an accurately measurable reference temper-
ature is necessary if the accuracy for a temperature re-

corder is to be possille. This reference .temperature is
the chamber temperature Td, which can be equated to the
stagnation temperature ‘tot’ ‘d = ‘tot” The ‘rror ‘n-

trodu.ced by ‘not measuring the true temperature but rather
almost Ttot, is negligible. The error is greatest at

310 m/s jet velocity - this corresponds to a 11.9 m/s
velocity in the chamber - namely 0.080 C, or less than
0,2 percent of the, adiabatic temperature difference. ‘stat
is computed ‘fro,rn.‘d and w according to equation (’7).
The’temperature Ta is read off and the resp.ectiye. error
or accliracy computed with ‘equations (3) and (4.));respec-
tively. ..,,’,. ,..,

For measuring. the chamber temperature : T~ a th,ermo-
couple..,whose jun,ct$on has” an area’of”ahout l..mm.z,.mouhted
in the center of the chamber sect’ion,:pr.d.vedins,uff”$cient
,since ,the corresponding area in the jet is onl~::l/,26 mm$
WhereaS the,’,i.nitial:s,ta.ieat least for the central” jet of
20 mm diameter, m.us.t:tieknown’- Yom’ this reason ,.aixthermo-
Coup.le;s”were, ,di.s:p,o,sedori’sup’portsin the hexagon ove,r a cir-

,. “c.le,.:.jof156 mm, .wi,th a g“evan’th added in the center..,.‘: ,.. i.:.
On com@ar:sori of’”thesb the’rmdcouples, it,was foufid

that by too much cooling the highest thermocouple .3ndi-
cated lower than the others; Sb~. in order to explore the

~~ effect of the cooli,ng,,.tiro’’rnore therrnocotiples.were ‘added
.&bov.e’and k~lOW.* The inflow’of the cold water above di-,. .,
.- .’., ,,

“:
. ... .,.-— ___,
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.“
rectly before the chamber (fig. 3) caused a several-tenths ‘
degree lower temperatu&e above than in the middle, the
divergence increasing with the coldness of the cooling water.
The difference was least when the cooling water circulated
over the coriclenser only, i.e. , when the circulating water
cooled itself. Then the temperature in the median circular
section of 156 mm diameter w“as the same everywhere. The
drawback of this coolin& is the gradual temperature rise
in high s-peed.,tests during “(atest series. However, since
only te’ri?peraturedifferences and no a“bsolute temperatures
were involved, this drawback ~~as of no specfajl significance
so loflg as the rise in the jet and in the chamber was
simultaneous ● For the subsequent tests four of the seven
central thermocouples were disposed one behind. the other
for the purpose of obtaining the average for any minor
temperature fluctuations within the median section.

The continuous change of the reading iil the jet de-
spite the constant chamber temperature was disturbing dur-
ing the first testst !I!hecause was soon found: The tem-
perature of the cold junction incriased. The cold junction
was packed in ice in a soapstone tube vithin a thermos
bottle. When the junction was merely inserted in the ice,
the melting of the ice made the temperature rise and so”
caused the wrong measurement. An improved arrangement
which ma,de it possible that the melting water drained ‘off
from the jpnction, kept the temperature constant for a
long time.

The hol.din~ devic,.s to which the instruments for
measuring the temperature in the jet were fastened, were
screwed to a support, sliding on a rail at right angle ‘to
the direction of the support novernent. In this manner the
junction could always be adjusted to jet center and 40 mrn

away from the nozzle mouth.

The leads,ir~~ both t~st’ stations passed through the
test chamber to. the outside, since the vibrations in the
test chamber made correct reading impossih~e.”” T~e line
resistances were. checked with a ~~heatstone’ lrid~;e,before
and after each test. The thermal force was aet”ermined by
a reflecting galva,n”ometer with lowes”t readability of 0.2° C.,.
and a mirror instrument which permitted the’ reading of dif-
ferences of 0.05?,G. since ttilefour in-line ‘thermocouples
were measured by reflecting gal’ya,nometer,t“he accuracy of
both temperatures is 0,05° C. All the experiments” were
effected at subsonic floi{ velocities.

-. . ..1
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“’TEST PROCEDURE AND RESULTS

13

.— . . . ... . .. . .,, ... ... ... .. . .
.,., - a) T,ests with Immersion. Tubes

,. .:...,

Sirice the VDI specifications (reference 16),.for tem-
perature measurements in flowing mediums recommend the
use of immersion tubes, the first .experiments were made
with two such tubes (fig. 6), oiiesmooth, the other with
several fins ,af the lower end to increa”se the heat exchanges
These tubes were attached ”by’’cover ’strap to a flange
sc~ewed on.the’gozzle (fig. 7.)* Copper-constant-an thermo-
couples and’mercury thermometers served as recording in-
struments. ,.

The measurements had to be. made at fixed chamber
temperature because the temperature. reading in the immers-
ion tube lagged, especially on the thermometer. The su-
periority of the finned version through propitious ex-
change of heat and little radiation is readily apparent
from the results (fig. 8), the accuracy - according to
equation,(4) - is, on the average, 8 percent higher. The
superior indication of the thermometer over the thermo-
couple is probably due solely to the air cushion existing
between the bottom of the immersion tube and the junction
while the. thermometer rested on the’ bottom. A supplemen-
““i’arytest with lowered immersion tube so that the whole
tube was exposed to the jet”, resulted in a 2-to 3-percent
improvement. These experiments revealed the close r:ela-
tion.shi,p existing between the indicating accuracy and the
design., position., and ,j.mmersioc depth. This means that
every single immersion tube’ must be calibrated.

b) Design of Body for Stagnation Temperature Recording

:.
:In view of.tlle,fact that all past attempts to measure

the stagnation temperature by Stretching tlie,r~ocouples
lengthwise or crosswise to the direc,tibn of flow had, proved
unsuccessful, it seemed logical to ‘Iocatethe junction in
the stagfiation poipt of streamline bodiei,’w here the change
from ki”netic..to:,p,oten,tialenergy is amply assured: The
design of .a.nine.trtiment f.oi..measp’r,ing””the stagnation tem-
perature had to meet the three’ co:hdit,ion-s’,as” follows:

1) The -j:unctioq must be l,o,catedin th~ stagnation
poi:nt. I..
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~

2) Radiation losses must be prevented as much as
possible. ,.

I
1

II 3) Heat dissipation must he kept at a minimum.

As for 2), it was practically disregarded, while 3)
was very closely complied with. The main task consisted
in finding an aerodynamically beneficial bod;~ design.
The first two tests with designs a,and b (fig. 9) illus-
trate the effect of body shape., A piece of steel tubing
of 4 millimeters diameter and.0~5 millimeters wall thick-
ness, cut off ‘at the end facing the flow direction, was
s“oldered to a“stream.line tube.;”the tube was attached by a
stuffi’n~-boxlike pa’c”kingand a piece of flat iron strip
to the support (fig. 10), sad. supported by steel wires to
avoid oscillations. T}le Cu-Ko junction was situated in
the centie’ro’f the cut, the w~res being insulated from the
walls and from each. other by plaster of paris or porcelain
beads. “Design h differed from design a. by the rounded
edges of the cut (fig.. :9). The results (fig. 11) ind.i-

,’

cate plainly the e.ffect:.of this minor improvement. While
the accur”aey with d.es.igna amounted to 81 percent, it rose
to 86 percent, ‘or ‘5”perc.ent higher for design b.

This success” led to ‘two others designs c and d, where

particular attention was given to the streamline shape.
Design c (fig.” 12) consists of a piece of steel tubing ~f
5 millimeters diameter and 0.75 millimeter wall thickness
into which a steatite ‘tube is fitted for a depth of 0.2
millimeter and which carries the .CU-KO junction. Design
d (fig. 13) is a jiece ;of,pipe of the same ~imensions as
c but fitted with.’a,plastic, tu.be-carrying a spherical ilead-

!?!neexposed- wiresThe junction is “in the vertex p~int.
were rubber insulated against heat and electricity. The
method of mounting is shown in figure 14.

,.,

The tests,”” “made at a speed”’of around 280’ meters per
second; ,s:hoyed,:,an.ayerz.ge accuracy. of 94 percent for de-
sign s a,R@.”,~2,,per.ce.ntfor .desi,gn d’ (fi~..‘11’),’ora ‘su-Ostan-
tial improvernent,,over design b. !!!he’”re~as’onfor the greater
accuracy of c .c.aa,no,tbe explained. fi.o’fithe’ fi”ndings up to
the present. It. was observed, that”.at hi’ghse.rspeeds the
indicating. ac:cy,racy rises a little b.u’.tfalls off consider-
ably at the lower sp:eeds. “ T-hi’s~i~heno~enon will be dis--
cussed in detail {late”r,.

Of the designs so f,~r, c shows, the greatest accuracy
with 94 percent, although at a very arbitrary disposition
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of the junc:ti~o.nat 2 millimeters from the. ‘edge-. The next
.:problem..w.as.*o ascertain _the effect of” this location of
the junction..on the “-r”e”~din”g.: For this study design e

.... ...------......—......

(fig. 15.) was developed, It.cSosely re.semhled design c,
but it,.had an insulating, body of plastics instead of stea-
tite a,nd was threaded so. that the distance: body end -
junction’ (,=distance a = depth of thread) could be varied,.
Various sefiting,~,.of.in:,sulatin~.body and he.uce of the junc-
tion were explored: a.$ the. end (a = O), at, distance a = 1.O$
a .=,2.0, and .a.Aj.,4.O millimeters. Figure 16 shows the
resulting..indica.ting, e:rr”orsplotted. ...against the stagnation
tenpera.ture f~r.diff:ereut settings. a,.and figure ’17 the
percentage of accuracy against a at different speeds. The
best values are those obtained for a = O; insertio~ of the /,0
junction on: the i.nsidei.s .detz.inental to the readings .be-

\

~~o~

cause of the creation of a dead zone, without access to fresh
~\&5

air a-rid”ney heat..:energyc
,/

,,, .
These. experiments definitely ‘show that the accuracy

\,

is much. inferior at low speeds, explained by the fact that
the boundary layer becomes thinner at high speed (the
boundary layer thickness is,accordingly to Prand.tl (refer-
ence l?)i inversely proporti’ocal to the root of the
Reynolds number), as a,.result of wh”ich at low speeds the
thicker boundary layer. renders “the transformation into
potential energy difficult. This phenomenon is not mathe- ;
matically solvable; it depends on the body shape and the

/surface condition. The error, curves plotted against the ~
.spe,e,din: figure. 16 ther.efore...donot follow a parabola con- i
formable to eqHation”(7) but deflect at high speed.

..,. : ,,
,Tbe greatest: accuracy at 2 millimete.r3 distance cor-

responding to design~>~’ is o,Qly a]out 90.p.ercent” as against
94 percent for c, in spite of the identical arrangement.
The plastic insulation cannot possibly induce this in-
feriority of indication,. ~,heomky. existent difference is
that on design e the. ju”flction.,.si’tsfirmly on the plastic
while on c the Junction protrudes a little because of the
brittleness, of steatite. In the next’ tes.ts:the:j unction
was pulled out of the insulating body: at settings a =
1 mm (figs. 18 and 19) and a = O mm .(figs 20 and 21).
T-he :r,esul~s:~:..plo,itedagain.s:t speed and. distance of insula-
tion body and.junction..(= b),. indi~:ate that by these meas-
ures the greatest accuracy at 275 meters per second speed
rises above 95.,percefl.t_...!!l?he,.bestsettings are at a = 1
mm$ b..=.2:mip.,:.and a =: omm, b...=1 mm: In both test
series the indication is therefore best when the junction
protrudes 1 millimeter.. ..Tliis.expla,insthe better behavior
of design c over design d,.’ :
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The causes of this phenomenon are explained on a
sphere of 10 millimeters diameter (fig. 22), The exper”~-
ments with this design, f (figs. 23 and 24”)S which also.
carried an insulation of plastics, yielded an even greater
accuracy up to 97.5 percent at”275 meters per second speed
and b = 2 mm junction distance but only 93.5 percent in
the stagnation point (b = O) at the same speed, In the

/

stagnation point where the speed is zero, hence no fresh
air enters, heat is,carried off only, no new compressed’
and therefore heated air enters. Conditions must become
more favorable when the air strikes past the junction at

j low speed, that is~ as in the position to give off new
heat. energy on thejunction. This is achieved when the
junction, rather than in the stagnation. point itself,. is
placed a little ahead of it in a region of still low speed.
If the junction then sticks out too far it”comes in a range
of unduly high speed and the accuracy. suffers., The higher
~~adiation losses caused by pulling the wires forward is
,insignificant compared with the gain in enhanced heat
change.. The error consequent to this measure is, relative
to the stagnation temperature, only 2~/2 percent at maxi-
mum speed., as against 51/2 percent at 350. meters per sec-
ond speed. However, this higher percentage of” error at
low speed is not decisive as the absolute” error on the
basis of the testc,onditions is 0.,950’0 at 275 meters per
secoad, but only 0,,6° C at 150 meters per second, relative
to the stagnation temperature, ,.,,.

To illustrate ‘these processes the flow distribution
of a frictionless fluid around a, sphere ’with potential
lines and lines of equal velocities is given in figure 25.
The velocity in flOW direction (x dfrection) fOllOWS the
differentiation of the potential function as

.. . ,., .

alongdl’reetion~ x at
.,,

. !.’,,

whereby a = Win,,,.tlievelocity in undisturbed flow and
R the radius of the sphere, or in polar coordinates at

( )a)=” “’ ~“ Cuscp“r + 2r2
and ‘ 6
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.,. .( ).g 3a-3a cos2g
.,,,

u=a+... rz-~
.,. ...,,

The best’ setting’ of the ju”nction, which was also recorded,
R

..

is ;= 0.’72 for the 10-millimeter sphere if r is the
., ,.

distances” Ju.nckihn - center of sphere; at that point the
theoretical velocity in x direction !is 63. percent of that
of the .undis.tur:bed“flow. It should be noted. in this rep-
resentation. that actually no exact p,ot.ential flow exists;
when the velocity distribution departs somewhat from that
shown her,e. Besid.e.s; the junction itself disturbs. the ~low.
If it is assumed at first that the indicating accuracy was

R \
dependent upon the ratio --, i.e., that alviays independent

from the shape of the experimental body, the best indica-
tion is achieved when the theoretical velocity at the junc-
tion amounts to 63 percent, of that of the undisturbed flow,
and this assumption was checked on a sphsre of 20 milli-
meters diameter (fig. 26)i The greatest accuracy should,
accordingly, be achieved at a di.stan”ce b = 4 millimeters,
but the test (figs. 27, “28, and 29) disclose the best in-
dication at b = 2.5 millimeters, that is; for R/r = 0.80
and a speed at the junction O: only 50 percent of w. This
is indicative of yet other .influem.tial factors (such as
size df junction, ,thicknesq of wire).

The questi~n of,whether the sameresults could be
achieved with other. streamline bodies was settled in tests
with a static pr.essur’e plate. of 10 millimeters diameter
(fig. 3.0).as”.used for the dynamic pressure measurement.
Thejunc’tion was ag,ain placed at d“iff&re:nt distances from
the surfaca ,o.fthe body ,and the: eff~.ct o“f,this measure in-
vest’igate.d. .Th.e:’.accuracy;obtalned is. skowm im:.fi.gures,31
and “32 pl:ott,e.d.agai.nst sp.e.e.d and dis”tan.ce b.. ghe, maximum
with .9.7percent l,i.esat b = 2.5:mi.13ime.ter.s, or almost as
high as:for design f. The changed distance is. explained ‘
by the divergent ,cours.e.of %hes.treamlineso. .’., . .
. . ,~he methoit.o.f mounting the. test bodies. by:screwing
into a,.hol.de,rclamped on both sides ~.s<Unsuitable for, p.rac-
tical.,measurefienis”,

... .,,.
as in steam turbine tests, for instance,

it leads to installation ”difficul”ties~.and “in pi.pe-linet
experiments the flow is appreciably disturbed. It i$ much
,easier to. introduce .the test sphere from the outside wall
if the...sphere.is f~t.ted,with a $’trut,as ~hqwq~in ~i.gure,s.33
and 34, a.1’t.houg’hit has ;the d~~wback of ‘destroying the ‘,;. ..,.
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flow symmetry,, which is disturbed 3Y the strut on one
side. The two spheres i and k of 10 and 20 millime-
ters diameters (figs. 33 and 34), respectively, were in-
terided to elucidate the effect of the strut of 5 milli-
meters diameter.

The sphere was screwed”iu a holder pivoted on the
stirrup “of the support (fig. 35), in addition to which
an angle holds the holder solidly to the flange. The con-
siderably smaller area of disturbance in the jet following
this new arrangement boosted the maximum from 280 to 310
meters per second. The experiments (figs. 36, 37, 38, and
39) yielded the maximum at the same distances b as with
designs f and g; the indicating maximum with design i is
95 percent, with design k, 97 percent. The iriferior”re-
sult with the smaller i can oniy be attributed to the
strut effect. The strut should therefore be as small as
possible in relation to the sphere diameter.

1
The safeguards taken so far - heat insulation, junc-

tion in stagnation point of streamline body, supply of
fresh air to. junction - produced a stagnation temperature
reading to within 3 percent residuary error from the adia-
batic temperature gradient. Further designs &mbodying
aerodynamic improvements prom:sing improved flow but no
increased stagnation effect should produce no appreciable

/

increase in accuracy. The residuary losses are attribut-
able to heat dissipation, heat transfer, and radiation.
Since the radiation losses can be considered as being very
small , a reduction in heat-dissipation and heat-transfer
losses%y the use of a metal of less conductivity than
copper was indicated. But this metal should have the same
high thermal force as copper. The choice fell to iron-
constantan with a thermal force of around 0.05 mV/1° C as
against 0.04 mV/lo C for Cu - Ko. The conductivity of
iron is but a tenth of that of copper. The tests with an
iron-constantan junction in design k (figs. 40 and 41)
disclosed an error of 1 percent at 300 meters per second
and of 2..percent at 150 meters per second. Compared to
most favorable error of one degree before, it is now only
0.40. The 0.6° was, in consequence, heat dissipation and
heat transfer loss; now, A Fe being a tenth of ~cu, it

amounts to about 0.06° C, i.e., around 0.2 percent.,, An
added advantage is the minor dependence of the accuracy on
the Reynolds number.

The drawback of design k is its size for many prac-
tical measurements; so a smaller design 1. was developed.
(fig. 4’2).. It is similar to I but the strut has a d.iam-
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eter of only 2.5 millimeters. ,A 1.25-millimeter diameter
-. was---impractical for:construc%ive as-well -as for strength

reasons. Even with the 2.5-millimeter strut the insulat-
ing difficulties were.considerable, a coating of lacquer
as wel”l as a.layer” of”bil-impregnat,e’d paper resul’ted in a
short cir.c,uit,or “grounding, and, it requirecthe insertion
of a plastic ~~cylinder of 1.8 millime~ers diameter and two
holes of 0.6 millimeter diameter each in thehollow sirut
to achieve perfect insulation. The findings with Fe-Ko
thermocouples (figs. 43 and 44) resemble those obtained
with design i, but with a much better indicating maximum
of 981/2 percent at b = 1:8 millimete~ or almost ‘as
good as with design k. Its ,drawback compared with k is
‘that the. maximum with 1 is ‘reached at only one setting of
the junction (b = 1.8 mm) whereas with design k the in-
dicating accuracy is almost constant throughout the range
from b = 2.0 to 3 = 3.0 millimeters (fig. 41). For
exact measurerlents in larger sections the use of design k
with Fe-Ko: thermocouple is tl~erefore recommended.

The design satisfies the condition for maximum accuracy
in stagnation temperature recording. Reproduction being
easy, it is not necessary to calibrate every single instru-
ment. The still existing error of from 1 to 2 percent
relative to the adiabatic temperat~re gradient can in most
cases be disregarded in practical measurements.

C) Effect of Flow Direction on Stagnation Temperature Reading

?or acceptable measurements even with flow direction
not accurately known, the developed design-s must be very
insensitive .to changes in ‘flow direction”. This directional
susceptibility was explored w“i”ththe spherical instruments.
The results ~ith i,,k (CU-KO Junction), k (Fe.-Ko junction),
and ‘1 are shown in figures’ 45 to 48. The speed and the lo-
cation of the junction b at which the tests were made are
also shown. The ordinate gives the in’djca%$ng accuracy
according., to,equation (4) in ~erce~t, rather than the tem-
perature differences. Up to an angle of around 15° to the
flow direction the indication remains unchanged. The In-”
.dicati.ng acc”uiacy ‘becomes subs,,t.a,nti~llywd.rse uy to 90°.
Beyp.nd that a new m&rke”d drtip,occurs as ~the junction, has
then .e.nt.eredthe” region of “b”ie,a~away,pbenomenai Inclined
at 180° in flo”w’‘direction, the accuracy has ‘decreased to
65 .to ’72.“percent. “ ‘“’ ,...,,

. . The’”mos”t”i~teresting region between +45° and -45° is
illustrated iq,figuie 49 fo~ k (re-Ko junction) and 1, with

,.,,
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,the inclination of th~ temperature diffe’ren:ce,’plot,t”ed
again,st the reading at O?. The max’imum value with k’ is

~ indicated’ up to, 170, with 1 up to 11°, at 30° the d’iverg-
enc’e ‘with,k is 1.1 percent, with 1, 3.6 percent. So with
respe’c”tto nondirectional susceptibility the sphere of
20 millimeters diameter is also superior to one of only
10 millimeters diameter.

d) The Laws of Similarity in Temperature Recording

of Flow Gas

Assume a temperature-recording instrument having ap-
proximately the shape of design i,’k, or 1, in a gas flow
at speed W. and true temperature TIV = Tstat, as sketched
in figure 50. The spherical bead has the d“iameter D.
Compression of tb.e gas produces at tlhe j&nction the temper-
ature Ta. By adiabatic expansion the stagnation-point
temperature Ttot WOU15 have occurred here. The differ-

ence between Ttot and Ta is caused by the continual

removal of heat toward the outside. Part of the evacuated
heat passes through the instrument itself on its way to
the outside. This heat volume
temperature difference

~ a~r is proportional to the
Ta - +* and to the surface of

the instrument and consequently to the square of the diam-
eter. The path of the heat on its outward flow is propor-
tional to the diameter D. Therefore the outflowing heat
volume is inversely proportional to the diameter,because
the resistance in,creasesw.ith tlie path. Thus the heat vol-
ume evacuated through the i“nst,rumefitmay be expressed as
follows:

Qm=“kz(~a - ‘Wall) ”?:z* = kl(Ta - ‘wall) 3

Another part:’of the heat passes off elong with the gas it-
5elf. .This’ ~~.rt’’,ofthe,heat is proportional to the Same
temperat.u.f’e’’’diferenceceas above and likewise proportional
to the.sur-fa&’e,“i.e., Da, besides bef-hg also inversely

.proporti.onal’tti ‘the ~raveled ~ath, i;e., proportional to
,..

Fur~hermore,., this heat volume is, of course,quantity ~.
D.”

proportional t’o the heat conductivity factor. Hence ,

.

~g’=,. k2”(Ta - Twall~, DA. , ,
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A third part, of the heat vol~e, is ,lost.by .r.adizition. This,.. .
-. par.t....i.s.~proportnalnal ,to the,..rad”iant surface, i.. e. , D2, the

diffe~ence of the four..th,po’werof Ta and T

portional to the radiation f~.ac.tor
wall and pro-

C, hence

%-ad,“3 Jya’ -Rt?’lc
The total heat removal calls for an identiodl amount of
heat input. This input ‘is propo??tiona~ to the flow sections
i.e., D2 , proportional to s;eed Wo, and proportional
to the temperature difference between the temperature Ttot
produced without heat exchange and the junction tempera-
ture Ta. The heat input is, furthermore, proportional to
the specific heat CP for 1 cubic meter of gas at con-
stant pressure. Kence,

Q“Input = k4D2wo(Ttot - Ta) Cp

Combining now the requirements which must be met if the
same indicating accuracy is to prevail in a different tem-
perature measurement, we find that in both cases the ratio
(Ta - Twall) :(Ttot - Twall ) .,must equal constant.

First requirement: Geometric similitary in the out-
side shape of the test instrument and flow channel. This
requirement includes , for instance, the same ratio
b$ 1
—s and —, as well.
D D’ D

Second requirement: The ratio ’of the unit volume of
flowing gas in the undisturbed:. flow and in the stagnation
point must in both cases be the same:

‘o “’- = const
‘stag

,.,.,
Third “requirement:’ To insure. geometric, similarity

of streamline-patterns in both
in both pressures must be the

~“~oD
‘“l? =y..

cases, the Reyp,o,ids number
same :

:.,.. .... ..

con”st” “.,

Fourth requirement: In both cases the four quoted
:., .. ., ,,,,,.. .

(~

IL
,i

— .—
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heat v,olumes, namely., Qm, Qg-I~r”ad? and Qinput must ,
be in. the same ratio among themselves .if...“the temperature
fields are to be similar. This last requirement resolves
itself- into three separate requirements:

Requirement 4a:

Qm = kG ~input, ‘tot -Ta= k5(Ta - Twall)

whence
,.

.’ Dwo Cp
— = const

kl

kl is the heat removed from a geometrically similar test
instrument with

~.= 1 meter andat Ta-Tw= 1°C*

Requirement 4b~

% = k7 Qinput..”.

hence

k2(Ta - Twa~~) D x = k7k4D2W”ok5 (Ta - ‘wall) ‘p

whence

Dwo Cp
= Cozl.st

,. >, (reference 18)

Requirement 4c:

Qrad = ‘8%nput

whence

, k’?’ [(,1%) 4- (’%’)4 ]C = “k’~’wok’(’a - ‘V’a’”cp.“. ,, :. .,.’:,,..

-consequently”’:
:.

.:. .,

(& - T~all) C
= const

(Ta -’Titiall)w’o’”C’p

The cited requirements’c an’be satisfied only if both

.— —.—— —------ . . .. . .,, ,-. . .. . . .. .... . . . . . . .. .-—.—.
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flows a-re.,’:comp.letely id.enti.cal. In..all other cases only,.,

“1 -

part of. the reqtiire”ments c’”anbe met. It”’is”’therefore

necessary to ascertain what requirements are most impor-
~;l tant. i?.adiation, forming only a minor fraction of the

!J “ total heat removal, (requireme?~,4c), can be dropped.
.. . ..:.,

It is impossible to say, from the very first, whether
the heat removed by the gas or the instrument is greater;
hence these two must remain.’ Recluirement 4b by.itself is
known (Grashofffs characteristic) ;:4’a repre-sen’ts”a condi-
tion for the dimensions and the heat conductivity of the
instrument. It is manifest that with increasing dimen-
sions (D increases) by otherwise unchanged physical val-
ues (wo, Cp = const) the heat rem:~ved by the instrument
decreases in ratio to the heat input, For the heat input
grows with D2, but the heat removal only with D. The
indicating accuracy of the larger instrument must there-
fore be greater, as ‘confirmed, .in fact, by the results of
the tests, whereby it is to be noted, of course, that the
wires in the instrument’had tne same diameter in both .,,,,\
cases. In this instance the heat resistance is increased
from the start by the in.creastng wire length. This means
that the constant kl on the large instrument is lower
than on the ,small one. This fact also affords improved
indicating accuracy.

,, .
Constants kz to kg are the same in both cases so

long as the .dimensioris and the temperature fields are geo-
metrically similar= Constant kl may be termed the heat
conductivity factor of the instrument. Constant ka de-
pends upon the Reynolds number and the. voi.ume ratio at com-
pression in the stagnation point. The de:pend.eace on the
Reynolds number follows from the boundar:.y layer thickness
through which the heat transfer is affected. In what man-
ner the volume r.a”tio.on :..~2 makes “itself fe~t, is diffi-
cult to say. .. .:; -.. .,-.

‘,...,., ,....’ -.:.’,:.”: ,’..’
~ie:can wr’zt,e,ln :gen.eral, . , ~~... ~ .,

;,,:..,,.:., ..... .
., .,. .. ”’.‘:, .. .’. .’,,-.,. ,,,. ’.’

( 0,
~ .,,. ..:,:

ka =“ f ,RO, ,,.. ..
‘stag

.,,,,,..,.,., ... ..,..,:.. ... ....“, ..

The heat balance r’cads;’ ““““~ “’ “

.....: ~.~“+ Qg”+;ra;’”=” >QiFput
,... :.’:.“ .:.’ .. ...

l..
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y,?. . . ,,: .:.’. . .. . . .. . . ... . . .. ,.. .

, .;.. ;;’~:,,, . . ...~. .;: , ~’ :.., . ...,... .-

= k4D wo(~tot - Ta) ~p

; or
.,. ,

kl + k~h
(Ta - 5 ~ (,~) 4 ““-(-)4]., :Twali) ‘.,k4 ~

kA

= D wo(Ttot - Ta) Cp
,-,..

,.

In” its first form this equation is homogeneous with four
variable-s kl, k2, k~, k4. {.~i,vision by k4. reduces the
varables to three. , The variables kl e,nd k~ are again
conbined to- one-’term, “expressed” with kg:

,.
. Icl + “k2A = :Kg

.,,,
Thi’s reduces the” equation to ‘two variables. These vari-
ables can be computed by inserting two test. values’’meas”ured
with an instrument. For in the heat balance equation all
the other ‘quafitities are to be pres”umed” as known. The
practical result of this” calculation is a numerical pre-
diction of .th’eradiation effect. If the second term of
the transformed heat balance’ eqiiation. is very small com-
pared””t’o the fi’rst, it means that the radiation effect is
small. :.Thenthe radiation can be simply disregarded in a
further approximate analysis:’ “

Supp,ose kl = con.st. Then quantity k2/k4 can ‘De
computed as a function of the Reynolds numbe-r’with, ‘of
course, one unknown additive constant. It is to be assumed
that ka increases with the P.eynolds aumb”er. ‘It is ad-
visable, however, to plot at the same time the volume ra-
tio against the F.eynolds number, since kl itself is
dependent upon it.

Then two corresponding. measurements with different
diameter can be compared,, that is., ei~her i,,! . :

a) at the same Reynolds number, or

b) at the same speed wo or volume ratio.
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,. If”;v~eassume that k2, in case a) ,or,,,.cas.e .,3)is con-
stant, the-q,Qange in -k~ due. to ....ah.a.ngiq.trumenuten.t diam-
eter :can .be computed. , ,..

,-
.,e)Experiments with” a Plate The,rm”orneter

,.

~ccording,.to a’theor~tical’ dedu&t$.on by Pohlhausen’
(reference 12),,,in laminar flow the temperature indicating
,errQ.rrelat~ve .to the true temperature of ‘~he flowing me-
dium can be computed solely dependent on the material cliar-
acterist,ics of the medium. After, the indicating tempera-
ture of-a plate thermometer, Pohlhausen,~s correction is
applied:

T = Tind - ~ (Ttot - Tstat)P ,(o)stat

or (equation (l)):

Tstat z Tind -4Q.E+I(CY)
4 2gcp

where p(a) depends on the material constant U = y

The question then arose whether this equation was equally
applicable to turbulent flow. The experiments were car-
ried out over a temperature range of from 0° to 40° C,
where

~oo= 1.71 X10-6, n400 = I.95X1O ‘6 kg sec/m2,

CP
= 0.242 kcal/kg ‘C

~ OD = 5064X10–6, AA60 = 6.34 x10-6 kcal/msec ‘C

whence

IIence 1/4 P(o) is practically constant = 0.85 throughout
the explored temperature range. The theoretical indicat-
ing accuracy is accordingly 85 percent.

l.—-.. —
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,....“ The “thermometer (fi’g. 5“1) con~isted of a thin, round
disk 40rn’iliimeters in diameter, carried on a strut ‘5
millimeters in diameter mo~unted in the same manner (figq
52) as designs i, k, and 1. According to’ the results
the plate thermometer, while giving the theoretical amount
as to ord’er of magnittide’, is much dependent’ for its accu-
racy on, the Pkeynolds number and therefore is impractical
for accurate measureme~’ts. This is substantiated by the
result ‘of the test se’r~es made at 50 inclination. At the
maximun speed o“f’31’0 m“e’ters per second the divergence from
the stagnation, temp&rature is 60 C for zero inclination
and 9° C for 5° ~inc’lination, or a difference of 50 percent
referred to z’er’:o“setting.,

Translation by ~:.:Vanier,.
National Advisory Committee
for Aeronautics.
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